Noroviruses are positive strand RNA viruses that have received increased attention in recent years because their role as etiologic agents in acute gastroenteritis outbreaks is now clearly established. Much has been learned about the epidemiology of these viruses and the extent of genetic diversity among circulating strains. In contrast, progress on understanding the basic mechanisms of virus replication has been far slower due to the inability to cultivate virus in the laboratory. Despite this limitation, significant progress has been made in defining some basic functions of the norovirus proteins, and the structures of two have been solved to near atomic resolution. This minireview summarizes these recent advances in understanding the structure and function of the norovirus proteins and provides speculation about what roles they may play in the virus replication cycle.
Introduction
Noroviruses have gained prominence in the past few years as the impact of gastroenteritis epidemics attributable to these pathogens is documented. The prevalence of norovirus-associated disease remains an educated estimate because of the complexities of routine molecular diagnostics and outbreak reporting, yet it is clear that noroviruses account for a substantial portion of the disease burden associated with outbreaks of gastroenteritis in all age-groups worldwide. The CDC has estimated that noroviruses are responsible for at least 23 million cases of foodborne illness each year in the US [30] , and surveillance data from the Foodborne Viruses in Europe Network indicates >85% of viral gastroenteritis outbreaks that occurred between 1995 and 2000 could be attributed these viruses [27] .
Noroviruses constitute a genus in the Caliciviridae family of positive strand RNA viruses that includes several additional genera [15] . Our understanding of basic replication strategies and pathogenic mechanisms of noroviruses has been slow to evolve because the human noroviruses do not grow in cell culture, nor do they productively infect small animal models. Most, if not all, of the recent advances in understanding functions of proteins encoded in norovirus genomes has been obtained through expression studies with cDNA clones and recombinant expression systems. Some discoveries made in basic norovirus biology are unique and have demonstrated new functions for viral proteins and their interactions with cellular proteins and pathways that have not been described for more thoroughly studied RNA viruses (e.g. [9, 11, 12, 21, 31] ). A recent major advance in the field was isolation of the murine norovirus that productively replicates in cultured macrophages and dendritic cells [21, 58] . The murine norovirus is closely related genetically to the human noroviruses and thus provides an excellent molecular model that will accelerate research on the mechanisms by which the norovirus genome is expressed and the functions of the encoded proteins.
This brief review highlights the most recent information available regarding functions of the norovirus proteins. Analogies are made to the animal caliciviruses where relevant. Readers are referred to the following reference for more comprehensive and historical perspectives on the noroviruses [14] .
Norovirus genome structure and protein coding regions
The norovirus genome is positive-sense singlestranded RNA approximately 7.7 kb in length and encodes three open reading frames (Fig. 1) . The genome is protein-linked at the 5 0 end and polyadenylated at the 3 0 end. ORF1 encodes the nonstructural proteins that are processed co-and post-translationally by the viral 3C-like protease (3CL pro ). The absolute number of mature nonstructural proteins and functional precursors is not yet clear but functions for some are known or predicted by sequence similarities to proteins of other virus families. The coding order in ORF1 proceeds N to C terminus, p48, NTPase, p22, VPg, 3CL pro , and RdRp. ORF2 encodes the major capsid protein VP1 and ORF3 encodes the minor structural protein VP2. The following sections summarize what is known about the structure and function of each of these proteins. For the nonstructural proteins that still are referred to by molecular weight, the molecular weight of the genogroup I reference strain Norwalk is given with the genogroup II designation in parentheses.
Structural proteins
The norovirus virion is composed of 90 dimers of the major capsid protein VP1 and one or two copies of the minor structural protein VP2 [41] . A virion comprising a single major capsid protein is unique among animal viruses and more closely resembles the capsid composition of plant viruses such as tomato bushy stunt virus, southern bean mosaic virus and turnip crinkle virus ( [41] and references therein). VP1 and VP2 both are synthesized from a protein-linked subgenomic RNA containing both ORF2 and ORF3.
VP1
VP1 ranges from 530-555 amino acids with calculated molecular weights of 58-60 kDa. Two conserved domains flank a central variable domain that likely carries antigenic determinants that define strain specificity (Fig. 2) . VP1 assembles into virus-like particles when expressed in insect cells by a recombinant baculovirus, and these particles structurally and antigenically mimic native virus except they do not contain RNA [20] . Viruslike particles can be expressed and purified in relatively high yield, and are the source of most data regarding structural and functional domains of VP1 and norovirus capsids. Virus-like particles assemble in the absence of VP2, but recent evidence suggests VP2 may play a role in particle stability [7] .
The structure of the norovirus capsid (genogroup I Norwalk strain) has been solved to near atomic resolution by X-ray crystallography [40] . 180 copies of VP1 are arranged to form a T = 3 icosahedral virion. VP1 folds into two major domains designated S for the shell domain and P for the protruding domain [40] . The Nterminal 225 amino acids constitute the S domain and contain elements essential for formation of the icosahedron. The P domain comprised of the remaining amino acids is divided into two sub-domains, P1 and P2. The P domains interact in dimeric contacts that increase the stability of the capsid and form the protrusions on the virion observed by EM. The P2 domain is a 127 amino acid insertion (aa 279-405, Norwalk strain numbering) in the P1 domain located at the most distal surface of the folded monomer. The hypervariable region within P2 is thought to play an important role in receptor binding and immune reactivity, and likely is primarily responsible for ABO histo-blood group antigen interactions associated with susceptibility to norovirus infections [50] . However, conclusive identification of the cell attachment domain(s) of VP1, as well as definition of an authentic functional receptor, awaits establishment of receptor-bearing permissive cell lines. Tamura et al. [49] reported that NV VLPs bound a 105 kDa cel- 
VP2
VP2 ranges from 208-268 amino acids with calculated molecular weights of 22-29 kDa and exhibits extensive sequence variability between strains [43] . The roles of VP2 in the replication cycle are not known, but it is clear that VP2 is a minor structural protein present in one or two copies per virion, first described for rabbit hemorrhagic disease virus (RHDV) [57] and subsequently in noroviruses and other caliciviruses [13, 48] . VP2 is not necessary for virus-like particle assembly but is essential for production of infectious virus when evaluated in a feline calicivirus (FCV) reverse genetics system [47] .
VP2 is a basic protein with a calculated isoelectric point of >10.0 and this chemistry has led to the suggestion that VP2 binds RNA [13] . An extension of this idea is that VP2 may function in RNA genome packaging. As the sequence and structure of VP1 were defined, this theory made sense because VP1 lacks an N-terminal basic RNA binding domain found in capsid proteins of tomato bushy stunt virus and turnip crinkle virus [56] . There are as yet no experimental data that describe RNA binding activity of VP2. However, the absence of RNA binding data does not exclude the possibility that VP2 plays a role in packaging the viral genome. For example, a protein-protein interaction between VP2 and the genome-linked protein VPg could fulfill a packaging role but such an interaction has not been reported.
Although this review focuses on norovirus proteins, the mechanism of expression of VP2 is noted here because it is unique. Data from studies of animal caliciviruses show the definitive presence of a subgenomic RNA that encodes both VP1 and VP2 [34] . How translation of the ORF encoding VP2 is initiated was an intriguing question because there is not a separate mRNA encoding VP2, nor does there appear to be sufficient sequence or structural suggestion of an internal ribosome entry site (IRES). Meyer [31] recently defined a novel termination-reinitiation mechanism by which VP2 is translated from this bicistronic RNA. Through careful analyses of the sequences including and surrounding initiation codons for VP2, the termination codon of VP1 was found to be critical for efficient translation of VP2, as were the preceding 84 nucleotides. The observation that VP2 initiation codons are in poor sequence context for translation initiation and alternative initiation codons are functional, suggests this mechanism accounts for a regulated synthesis of VP2 relative to VP1. These data support a role for VP2 that is regulatory in nature and thus required in controlled amounts.
Norovirus nonstructural proteins

p48 (p37)
The N-terminal protein of ORF1 is somewhat variable in length and sequence between genogroups I and II viruses, and amino acid sequence conservation increases toward the C terminus of the protein. A proteolytic cleavage site within p48 has been reported for the genogroup II Camberwell strain that would generate two additional proteins with molecular weights of 15 and 22 kDa [44] . Further processing of p48 was not observed in the genogroup I or the genogroup II MD-145 strains studied in cell-free translation systems, but could have occurred at an undetectably low level [4, 17] .
In contrast to amino acid motifs in other norovirus nonstructural proteins that allowed predictions of function by analogy primarily to picornavirus proteins, p48 shows no significant sequence similarity to other viral proteins or cellular proteins in the public databases, with the exception of the following motifs. Hughes and Stanway [19] noted the presence of H box/NC sequence motifs in norovirus p48 and analogous regions of parechoviruses. H box/NC motifs are found in a family of cellular proteins that include H-rev107 and TIG3, both suggested to be involved in regulation of cell proliferation. What role these motifs play, if any, in the function of p48 will be interesting to investigate.
A hydrophobic domain near the C terminus of p48 from amino acid 360-379 was predicted by sequence analyses [11] . p48 expressed in mammalian cells as an EYFP fusion protein showed this putative transmembrane (TM) domain was not necessary for a peri-Golgi vesicular staining pattern observed for full-length p48. However, fusion of this C-terminal TM domain to EYFP redirected localization of the reporter from a ubiquitous cytoplasmic and nuclear distribution to a strictly Golgi localization. p48 interacts with the SNARE regulator Vesicle-associated membrane protein-Associated Protein A (VAP-A) that plays a role in SNARE-mediated vesicle fusion, likely regulating availability of the docking and fusion apparatus [55] . In light of the fact that RNA virus replication occurs on intracellular membranes, p48 may coordinate with localization properties of VAP-A to anchor membrane-bound replication complexes. The observation that both p48 and VAP-A behave as type II integral membrane proteins supports this idea if p48 functions as a scaffolding protein for replication complex assembly. Of interest, NS5A of hepatitis C virus also interacts with VAP-A, and such a scaffolding function for NS5A also was proposed [52] .
Analysis of transport of the vesicular stomatitis virus G protein to the cell surface in the presence of p48 showed that although G protein acquired endoglycosidase resistance, it was not expressed on the surface of the cell [11] . Whether this effect is a direct result of p48 interference with the cell transport apparatus through specific interactions with VAP-A and possibly other cellular proteins, or is reflective of another mechanism is not clear. Fernandez-Vega et al. [12] reported Golgi disassembly following over-expression of p48, which is consistent with the interruption of G protein expression on the cell surface. It remains to be determined in a fully infectious system if the interference with cellular transport pathways is an active mechanism required for productive norovirus replication or whether these observations reflect amplification effects inherent in transient over-expression systems.
p41 (p40) NTPase
Neill [33] recognized an NTP binding motif GPPGIGKT in the genome of FCV in a similar position as 2C with respect to the polyprotein in picornavirus genomes. The presence of three specific motifs, A, B, and C, classify p41 in the superfamily 3 of RNA helicases [39] . Purified p41 binds ATP in vitro, and mutation of amino acid residue 168 in the A motif that ablated a phosphate binding group was sufficient to abolish ATP binding [39] . p41 also hydrolyzes ATP, but was not able to unwind a synthetic RNA:DNA heteroduplex. These data suggest p41 has NTPase, but not helicase activity. This result is similar to known enzymatic activity of the poliovirus 2C, with the exception that norovirus p41 hydrolyzes all NTPs, and hydrolase activity for 2C shows preference for ATP, and thus far is described as an ATPase. Of particular interest is the observation that the enterovirus 2C ATPase activity is inhibited by 1 mM guanidine hydrochloride, whereas the norovirus p41 NTPase is not. This concentration of guanidine HCl effectively inhibits poliovirus replication in cell culture, and it will be intriguing to learn the molecular basis for possible guanidine HCl resistance in noroviruses as replication systems become available.
p22 (p20)
p22 occupies a position in the norovirus genome similar to the position of the 3A protein in picornavirus genomes. There are as of yet no data on possible functions of p22, with the exception of its presence in a p22-VPg-3CL pro precursor in the proteolytic processing pathway [4] . The 3A protein of poliovirus is important for membrane localization of replication complexes, and targeted mutations in 3A yield viruses defective in RNA synthesis and viruses with decreased ability to inhibit cell secretory pathways [6, 10] . Consistent with the replication-associated properties of 3A, the FCV p30 equivalent of p22 is found in polymerase competent membrane complexes isolated from FCV-infected cells [16] . p22 shares only limited sequence similarity with p30 and 3A. Sequence analysis predicts a hydrophobic membrane spanning segment near the central domain of p22, but experimental evidence of membrane localization has not yet been reported. Clearly much remains to be learned about this protein and how its functions com-pare to those of 3A, given the similar relative positions of 3A and p22 in their respective polyproteins.
VPg
VPg is 15 kDa and covalently linked to genomic and subgenomic mRNAs [8] . Experimental evidence for this linkage is known only from the animal caliciviruses [8] , though it is likely that the same holds true for noroviruses.
Virus families with protein-linked RNA genomes include the Picornaviridae, Potyviridae, Luteoviridae, and Comoviridae (reviewed in [42] ). VPg plays varied functions in replication cycles, some of which are common between families. VPg of picornaviruses is 2-4 kDa, functions in protein-primed RNA synthesis and plays no recognized role in translation of the viral RNA [37, 38] . A much larger potyvirus VPg (24-26 kDa) functions in RNA replication, long distance cell-to-cell movement and binds the translation initiation factor eI-F(iso)4E [24] , suggesting an additional role in translation of the potyvirus RNA. This interaction between VPg and eIF(iso)4E is important because mutant Arabidopsis thaliana that do not express eIF(iso)4E are resistant to potyvirus infection [23] .
It has been known for some time that calicivirus genomic RNA devoid of VPg is not infectious [8] . Sosnovtsev et al. [46] determined however, that an m 7 G cap could functionally substitute for VPg because capped FCV genomic transcripts synthesized in vitro are infectious. Direct experiments suggesting a role for VPg in translation of the viral RNA showed that removal of VPg from FCV genomic RNA extracted from purified virions dramatically reduced the levels of viral protein synthesized in vitro, although the fidelity of initiation appeared to remain intact [18] . Thus it was proposed that VPg could function in ribosome recruitment to the viral RNA. Strong support for the hypothesis that VPg recruits translation machinery to viral RNA was provided by data that showed VPg interacts directly and specifically with translation initiation factor eIF3 and with 40S ribosomal subunits [9] . Many questions regarding the mechanics of ribosome recruitment by VPg remain, yet collectively, the data described above imply a novel mechanism of translation initiation mediated by viral protein-protein interactions with cellular translation machinery. It will be interesting to learn what additional interactions between norovirus VPg and eIFs occur, and if, as in the potyvirus system, any are indispensable for infectivity.
Machin et al. [28] first mapped a tyrosine in VPg of RHDV that could be uridylylated in vitro by recombinant RdRp, and mutation of this tyrosine residue was lethal for production of infectious virus in the FCV replication system [32] . The step of the replication cycle at which lethality is manifested is not known and could be RNA replication or translation of viral genomic and subgenomic RNA. If the norovirus VPg functions in proteinprimed RNA replication consistent with the functions of picornavirus VPg, the mechanisms of assembly of primer-RNA replication complexes must be quite different, as norovirus VPg and the picornavirus VPg contrast sharply in molecular weight (15 to 2-4 kDa, respectively). Availability of the norovirus RdRp structure (see Section 4.6) will aid in modeling putative replication complexes that may involve VPg-linked RNA.
3CL pro
Noroviruses encode a single protease called 3C-like (3CL pro ) because of its similarity to the picornavirus 3C. Additional viral proteases have not been identified either by sequence analyses or by site-directed mutation of predicted active site residues. Of note however, is one report of a cleavage in the RHDV polyprotein attributed to an unknown protease activity [51] . The discussion here is focused on the norovirus protease because space limitations prohibit detailed comparison of human an animal calicivirus proteases.
The most extensive analysis of the norovirus 3CL
pro enzyme was performed with the genogroup I Chiba virus [45] . A combined approach of site-directed and alanine-scanning mutagenesis confirmed an active nucleophilic residue in the conserved GDCG motif common to chymotrypsin-like 3C proteases and defined amino acid residues important in formation of an active site. This analysis suggested that the norovirus 3CL pro contained at minimum, a functional catalytic dyad comprised of His30 and Cys 139, similar to the hepatitis A virus 3CL pro and in contrast to the catalytic triad functional in the poliovirus and rhinovirus 3C. A third member that would constitute a catalytic triad was not identified by scanning mutagenesis but was not ruled out as a possibility. Analysis of the NV 3CL pro identified the similar nucleophilic residue and further suggested a glutamic acid residue at position 1154 relative to the entire polyprotein was important for efficient processing activity [17] . The importance of this residue as a structural or catalytic residue has not been determined.
Substrate cleavage site specificities have been investigated for several norovirus 3CL
pro . Lambden et al. [25] first identified primary cleavage sites in the Southampton virus polyprotein at QG dipeptides at positions 399 and 762 by translation in reticulocyte lysates. Further analysis with recombinant protein expressed in bacteria identified two additional cleavage sites that released VPg and 3CL
pro by cleavage at EA dipeptides [26] . The composition of cleavage sites with respect to the contributions of residues surrounding the scissile bond were further analyzed, and following the nomenclature of Ziebuhr et al. [60] , amino acid residues at the P4 position were found to be important for maximal activity though some conservative substitutions were tolerated [17] . A thorough study of protease processing in the genogroup II MD-145 strain suggested a kinetic map for fully processed products as well as stable precursors, and substrate specificity requirements were similar to those defined for NV [4] .
Data in the cited studies all have shown accumulation of a protease-polymerase precursor both in vitro and in infected cells and this precursor may be responsible for the primary cleavages at QG dipeptides. Processing of the poliovirus capsid precursor is mediated by a similar enzymatic precursor (3CD pro ) and for this virus, the presence of 3D alters the specificity of 3C
pro [59] . Further studies are necessary to learn what cleavage activities are attributable to 3CL pro and its 3CL pro -RdRp precursor. Atomic resolution structures for several 3C pro and 3C-like proteases have been solved [1, 5, 29] and it will be interesting to pursue comparative structural studies with the norovirus protease that may reveal unique features associated with this enzyme. Finally, Kuyumcu-Martinez et al. [22] reported recombinant norovirus 3CL pro cleaved polyA binding protein in vitro and may play a direct role in inhibition of cellular protein synthesis in infected cells. These data are important as mechanisms of modulation of both viral and cellular gene expression are examined in further detail.
RdRp
The norovirus RdRp extends from amino acid 1281 to the C terminus of ORF1 (Norwalk strain numbering). In vitro enzymatic activity of a recombinant baculovirus-expressed norovirus RdRp recently has been described [36] , and follows activity reported for RHDV and FCV RdRp [53, 54] . Ng et al. [35, 36] solved the crystal structure of the RdRp of a genogroup II norovirus strain Ast6139/01/Sp that showed general similarity to the structure of the RdRp of RHDV solved by the same group. The norovirus RdRp overall displayed catalytic and structural elements characteristic of RdRp of other positive strand RNA viruses as the fingers, palm and thumb domains common to all polymerases were evident. Significant differences in the C terminal segment of the norovirus RdRp were observed, consisting primarily of the location of this domain in the active site cleft near the predicted catalytic aspartic acid residue. It was suggested that the location of this small domain may resemble the ''plough'' loop of the Qb phage RdRp and the b-loop insertion in the thumb domain of the hepatitis C virus RdRp, functioning in potential stabilization of primers to initiate RNA synthesis. The contributions of this unique domain of the norovirus RdRp to RNA replication deserve further attention because the structural details that confer functional enzymatic activities may shed light on targets for antiviral design to inhibit norovirus replication.
As noted above, a protein comprising a proteasepolymerase accumulates in both in vitro synthesis reactions and in infected cells. Enzymatic studies with recombinant protein subsequently have confirmed that the 3CL pro -RdRp precursor is a bifunctional protein with both protease and polymerase activity, and the polymerase alone recently was reported to have similar activity to the precursor when assayed in vitro [3] . These data are significant because picornaviruses often are used as a comparative model for caliciviruses, and a fully processed 3D pol is the only know active picornavirus polymerase. The template requirements of the norovirus RdRp and the 3CL pro -RdRp precursor will be important to decipher as infectious clones become available.
Conclusions and outlook
This short review has attempted to highlight what is currently known about norovirus proteins and their functions. Clearly there are more questions than answers. Norovirus biologists will benefit from establishment of in vitro replication and expression systems that can reproduce at least some stages of a native virus infection as much as is possible with a non-cultivable virus. Indeed, a recent report of a norovirus replication system utilizing the MVA/T7 vaccinia virus expression system suggests such models are attainable [2] . Furthermore, entry of the murine norovirus model into the arena is an invaluable addition of a molecular model system. The public health significance of norovirus gastroenteritis is unquestionable, and noroviruses deserve focused attention on understanding the molecular mechanisms of virus replication and pathogenesis for design of appropriate intervention strategies.
